The nuaor cytoinin binig protde of wheat germ (CBP) was extensvely purired emloying chromatography on Cibacron F3GA-Sepharose CL and concanavain A-agarose as key purification steps. The mnor polypepides present In the purie CBP preparations have molcular weights of60,000 ± 4,000, 42,000 :t 3,000, and 37,000 ± 3,000, respectively. A protein kiae that catablzes the pbosphorylation of CBP (CBP kase) was extensively purified from wheat germ by affinity chromatograpby on casein-Sepharose 4B and CBP-Sepharose 4B. The pufication procedure resolves CBP kinase from an abundant casein kinase that does not pho_horylate CBP. CBP kinase catalyzes the phosphorylation of casein, pbosvitin, CBP, and the wheat germ cyclic AMP-binding protein cABPII.
referred to as CBF-1 (7, 9) or CBP2 (17) (18) (19) . This protein has been extensively purified by (NHi>SO4 fractionation and repetitive gel filtration (19) and by combined ion exchange and affinity chromatographic procedures (7, 14) . While these preparations have similar cytokinin-binding properties, differences in apparent mol wt from gel filtration and differences in polypeptides present have been reported (7, 9, 14, 19) . These differences may derive in part from differential proteolysis (for discussion, see Refs. 7 and 14) . In addition to the major cytokinin-binding protein, other highaffinity cytokinin-binding proteins are present in wheat germ including a 30,000 D entity that may be derived from CBF-l (CBP) (7, 9) and several cyclic AMP-and cytokinin-binding proteins (cABPI and cABPII) that are quite distinct from CBP in terms of ligand specificities and other properties (18) .
The functions of these various cytokinin-binding proteins have yet to be determined although there is evidence for interactions with other macromolecules. Thus, CBF-l (CBP) binds to wheat germ ribosomes (7) and cABPII is a substrate for endogenous protein kinase (18) . We have found that wheat germ protein kinase preparations that catalyze the phosphorylation of cABPII (18) , also catalyze the phosphorylation of CBP. The present paper describes the purification of CBP by affmity chromatography on concanavalin A-agarose and the use of CBP (coupled to Sepha- ' Supported by a grant from the Australian Research Grants Committee.
2Abbreviations: CBP, wheat germ cytokinin-binding protein; cABPI and cABPII, wheat germ cyclic AMP-binding proteins I and II; CBP kinase, wheat germ kinase catalyzing the phosphorylation of CBP.
rose) for the isolation of a protein kinase that catalyzes the phosphorylation of CBP. Other properties of this protein kinase (referred to below as CBP kinase) are also described.
MATERIALS AND METHODS
Protein Kinase Assays. Protein kinase was assayed by precipitation of 32P-labeled protein onto filter paper discs as described previously (18) . The standard assay medium (final volume, 100 I1) routinely contained 10 mM MgCl2, 50 mm Tris (Cl-, pH 8.0), 25 LM ATP (specific activity of [y-32P]ATP in the assay was routinely about 10-50 mCi/mmol) and protein substrate. The protein substrate used routinely was either CBP (25-200 ,ug) or autoclaved, hydrolyzed, and partially dephosphorylated casein (100 jg). The assay medium employed by Rychlik and Zagorski (24) was used when comparing the properties ofthe protein kinase isolated during the present study with their protein kinase preparations. This assay medium contained 20 mm Hepes (K+, pH 8.1) and 20 mm MgCl2 in addition to labeled ATP and casein as described above for the standard assay mixture. In experiments with preparations of wheat germ protein kinase III, prepared as described previously (18) , and in experiments with the catalytic subunit of beef heart form II cyclic AMP-dependent protein kinase, the protein kinase assay medium (100 pl) contained 10 mm MgCl2, 10 mM DL-DTT, 50 mm Pipes (Na+, pH 7.0), in addition to labeled ATP (25 ,UM) and substrate protein (18) .
Cytokinin-Binding, Protein and Carbohydrate Assays. The binding of N-BA to CBP was routinely determined at pH 8.0 by the (NH4)2S04 precipitation assay previously described (17) . The final equilibrium medium contained 90%1o saturated (NH4)2SO4, 50 mM Tris (C1-, pH 8.0), and 10,UM N6-BA (the specific activity of [8-14C] N6-BA was 3.4 mCi/mmol). Assay counts were routinely corrected by subtraction of counts obtained in the absence of added protein, or by subtraction of assay counts obtained in the presence of added 0.1 mm unlabeled N6-BA to obtain a measure of specific N6-BA binding (17, 19) . Protein was routinely determined by the Biuret procedure (5) with crystalline BSA as a standard, or from Amo. Carbohydrate was determined by the phenol-H2SO4 method using glucose as a standard as previously described (19 9 .0), and gently stirred for 4 h at 4°C. After reaction with ethanolamine, the gel was successively washed with 500 ml 0.5 M NaCl, 0.1 M acetate (Na+, pH 4.8)-0.5 M NaCl, 0.5 M NaCl, 0.1 M bicarbonate (Na+, pH 9.5)-0.5 M NaCl, 0.5 M NaCl, and H20. The casein content of the caseinSepharose 4B preparations ranged from 3.5 to 4.4 mg/ml bed volume. CBP-Sepharose 4B was prepared by the same procedure but with CBP (140-450 mg/100 ml of Sepharose 4B) instead of casein. The CBP used was purified as described above up to and including chromatography on concanavalin A-agarose. The CBP content of CBP-Sepharose 4B was 0.9 to 1.0 mg CBP/ml bed volume.
Partial Purification of CBP Kinase. All purification steps were conducted at 0 to 4°C. Wheat germ (500 g) was added to 1.8 L buffer A and homogenized for 5 min at top speed with an UltraTurrax blender. The homogenate was filtered through muslin and centrifuged at 16,000g for 45 min. The supernatant was filtered through Miracloth and added to about 200 ml bed volume of casein-Sepharose 4B in buffer A. The suspension was stirred occasionally over 15 min and then washed with a total of 21 buffer A in a Buchner funnel. The washed gel was packed in a column (16 cm2 x 12 cm), and the CBP kinase was then eluted in 1 L 0.2 M NaCl-5OmM Tris (Cl-, pH 8.0). The eluate was concentrated to 40 ml by ultrafiltration employing an Amicon YMIO filter. The concentrated solution was diluted by addition of an equal volume of 50 mm Tris (Cl-, pH 8.0) and applied to a column (7.1 cm2 x 9.0 cm) of CBP-Sepharose 4B equilibrated with buffer A. The column was washed with 150 ml buffer A, and then CBP kinase was eluted in buffer D (0.25 M NaCl-50 mm Tris [CL-, pH 8.01). The CBP kinase fractions were pooled, concentrated by ultrafiltration to 10 ml, and applied to a column (1.8 cm2 x 9.0 cm) of phenyl-Sepharose CL4B equilibrated with buffer D. The column was eluted with buffer D to resolve protein contaminants washing directly offthe column from CBP kinase (retarded on the column). Fractions ofconstant specific protein kinase activity were retained.
RESULTS
Purification of CBP. The purification procedure results in a 13-fold purification and a 6.3% yield with respect to specific N6-BAbinding activity in the initial high-speed supernatant ( Table I ).
Note that other M6-BA-binding proteins-in particular, the cyclic AMP-binding protein cABPII-are also present in the high-speed supernatant (see Ref. 18) . The batchwise elution steps make the purification procedure rapid-the partially-purified CBP can be applied to the final Ultrogel AcA 34 column within 8 h of the initial tissue homogenization. However, batchwise elution of Cibacron F3GA-Sepharose 4B, while rapid and convenient, results in the loss of 47% of retained N6-BA-binding activity in the 0.1 M NaCl-50 mi Tris (Cl-, pH 8.0) wash. CBP binds tightly to concanavalin A-agarose with a 100%o recovery in the procedure described in "Materials and Methods" ( Table I ). The final gel filtration of CBP on Ultrogel AcA 34 in 0.25 M NaCl-50 mm Tris (Cl-, pH 8.0) is conducted at room temperature to avoid the precipitation of protein that occurs at 0 to 4°C in concentrated solutions (about 1 mg/ml) of CBP at this stage of purification. Cytokinin-binding activity elutes as one peak from Ultrogel AcA 34. However, such CBP preparations are heterogeneous as evidenced by lack of constant specific activity with respect to N6-BA binding and the precipitation at 0C of protein in fractions corresponding to the advancing, but not the trailing, edge of the CBP peak (Fig. 1) . After chilling the CBP fractions and removal of precipitating protein by centrifugation, a small increase in the N6-BA binding/protein ratio is obtained in the supernatants (Table I) , and this ratio is now approximately constant in the peak CBP fractions (Fig. 1) .
Analysis of the CBP preparations by polyacrylamide gel electrophoresis in subunit dissociating conditions reveals three major subunits ( Fig. 2) with the following mol wt (as determined by the electrophoresis of standards of known mol wt in the same conditions): 60,000 ± 4,000 (mean ± SD from 15 determinations), 42,000 ± 3,000, and 37,000 ± 3,000. In addition to these major polypeptides, a variety of faintly staining bands are apparent ( Fig. 2 CBP kinase activity is sensitive to elevated salt concentration in the assay medium (Fig. 3) . With 75 mm NaCl concentration in the assay, 80%1o or greater inhibition is obtained by further inclusion of 25 mm (NH4)2SO4 or K-phosphate; further addition of about 125 mM NaCl is needed to give 80% inhibition (Fig. 3) . CBP kinase is less sensitive to elevated concentrations of K or Na acetate than to KCI or NaCl (Fig. 3) .
Substrate Specificity of CBP Kinase. The CBP kinase preparations have an absolute dependence on added protein substrate for activity. BSA is not a substrate and a calf thymus histone preparation is a poor substrate for CBP kinase relative to casein, phosvitin, and the wheat germ proteins cABPII and CBP (Table  III) . CBP is also a substrate for the catalytic subunit of form II cyclic AMP-dependent protein kinase from beef heart: with 6.3 pg purified catalytic subunit, 108 ug CBP was phosphorylated at a rate of 9.3 nmol phosphate incorporated/min; in the same conditions with 100 pug of dephosphorylated casein and 100 ,ug calf thymus histone, the rates of phosphorylation were 3.2 and 24.0 nmol/min, respectively. CBP is not a substrate for the wheat germ casein kinase purified by the method of Rychlik and Zagorski (24) .
The Km for ATP of CBP kinase in the standard assay conditions at pH 8.0 with 4 mg/ml dephosphorylated casein as substrate is 15 pM. One-tenth and 1.0 mm GTP cause 73% and 98% inhibition, respectively, of32p incorporation into casein from [y-nPJATP; 0.1 and 1.0 mm unlabeled ATP inhibits by 81% and 99%, respectively.
[nP]Casein and [nPJCBP (from reactions catalyzed by CBP kinase) were hydrolyzed in 6 N HCI at 110°C for 1 h and the hydrolysates subjected to high-voltage electrophoresis as described previously (18) . Apart from a peak of low mobility radioactivity near the origin and a high mobility peak corresponding to Pi, the only other anodic peak found corresponded to phosphoserine. No evidence for phosphothreonine was found.
Effects of Various Compounds on CBP Kinase. The possibility that CBP kinase might be regulated by 3',5'-cyclic AMP or cytokinins was investigated. Assaying highly purified CBP kinase in the standard assay conditions with casein, cABPII, or CBP as substrates, no significant activation of protein phosphorylation by inclusion of 10 yM 3',5'-cyclic AMP or 10 yM N6-BA is observed. Inclusion in the standard assay of 0.1 or 1.0 mm concentrations of 3',5'-cyclic AMP, 5'-AMP, 2',3'-cycic AMP, 3',5'-cyclic GMP, or 2',3'-cyclic GMP causes less than 12% inhibition of CBP kinase. Ten mm 3',5'-cycic AMP inhibits CBP kinase by 55%. The beef heart protein inhibitor of cyclic AMP-dependent protein kinase (6) at 1 mg/ml does not inhibit CBP kinase; the same preparation of inhibitor used in these experiments inhibited the catalytic subunit of cyclic AMP-dependent protein kinase (purified from beef heart by the method of Demaille et al. [6] ). Hemin at 1 mg/ ml completely inhibits CBP kinase. While DTT (10 mm), 2-mercaptoethanol (10 Phospborylation of CBP Catalyzed by CBP Kinase. When CBP fractions from gel filtration (cf. Fig. 1 ) are analyzed for ability to serve as protein substrate for CBP kinase, substrate activity is found to elute as a single peak several ml in advance of coincident peaks of A2w and M"-BA binding. Chromatography of CBP on DEAE-Sephacel partially resolves single peaks of Am0 and cytokinin binding (both eluting at 0.09 M NaCl concentration) from a peak of substrate activity with respect to CBP kinase (eluting at 0.13 M NaCl concentration) (Fig. 4) . Thus, the CBP preparations described here are heterogeneous with respect to ability to serve as substrate for CBP kinase.
The pr6ducts of the phosphorylation reactions involving CBP fractions from DEAE-Sephacel (Fig. 4) and purified CBP kinase were resolved by electrophoresis in 10%1o or 15% polyacrylamide slab gels in the presence of 0.1% SDS, and the gels were subsequently dried and autoradiographed (e.g. see Fig. 5 ). The major substrates for the phosphorylation reaction are the 60 kD polypeptide and the 16 to 18 kD polypeptides; the 42 and 37 kD polypeptides are very poorly labeled (Fig. 5) . No phosphorylation of CBP is observed in the absence of CBP kinase. With CBP fractions resolved on DEAE-Sephacel (Fig. 4) and phosphorylated by CBP kinase, phosphorylation of CBP polypeptides correlates with decreasing N6-BA binding and a decreasing 42/37 kD polypeptide ratio (Figs. 4 and 5) .
Phosphorylation of CBP was also demonstrated using a wheat germ protein kinase preparation termed protein kinase III (18), prepared as described previously (18) , and preparations of CBP purified by a procedure involving a heat treatment step. This latter CBP purification procedure involves, in brief, the following sequential steps: homogenization of wheat germ; high-speed centrifugation; precipitation of CBP from the resultant supernatant between 50% and 90% (NH4)2SO4 saturation; gel filtration on Agarose A 0. is no loss ofcytokinin-binding activity after this treatment); elution from DEAE-Sephacel at pH 8.0 in a gradient of increasing KCI concentration; and, finally, gel filtration on Ultrogel AcA 34. As found for CBP prepared by affinity chromatography, such heattreated CBP preparations are heterogeneous with respect to phosphorylation. On gel filtration of heat-treated CBP, the peak of cytokinin binding elutes just after the peak of protein kinase substrate activity. Similarly, on elution of heat-treated CBP from DEAE-Sephacel at pH 8.0 with a linear KCI concentration gradient, the peak of cytokinin binding elutes before the peak of substrate activity (cf. Fig. 4) . The 'good' and 'poor' substrate fractions from chromatography of heat-treated CBP on DEAESephacel (cf Fig. 4) were analyzed for cytokinin binding in the standard assay conditions by Scatchard analysis. For both fractions, the Kd for kinetin was 0.3 sm, in agreement with previous measurements (17) , but the saturating kinetin-binding stoichiometries were 1.8 and 7.2 nmol bound/mg CBP, respectively. Phosphorylation of heat-treated CBP does not alter kinetin binding in the standard assay conditions, and inclusion of 20,Mm kinetin does not affect the rate of CBP phosphorylation.
DISCUSSION
The CBP preparations purified by chromatography on concanavalin A-agarose have saturating cytokinin-binding stoichiometries within the range of about 1 to 2 mol/mol found for preparations resolved by repetitive gel filtration (19) or by affinity chromatography on cytokinin-Sepharose gels (7, 14) . The subunit composition of the present CBP preparations is similar to that found previously for CBP purified by repetitive gel filtration (19) but has a much lower proportion of small (16-18 kD) subunits (Fig. 2) . The present CBP preparation differs in some features from preparations from chromatography on cytokinin-Sepharose gels (7, 14) . Thus, Erion and Fox (7) found 57, 53, 39, and 34 kD subunits and Moore (14) found triplet 56 kD bands, quadruplet 40 kD bands, and triplet 15 kD bands. These differences may derive from differential modification of CBP subunits, e.g. by proteolysis as suggested by these workers (7, 14) . Phosphorylation of polypeptides can alter electrophoretic mobility in SDS-polyacrylamide gels (e.g. see Ref.
3) and multiple banding patterns in CBP preparations (e.g. see Ref. 14) could derive from different degrees of subunit phosphorylation. The present study demonstrates the existence of forms of CBP differing in ability to serve as a substrate for CBP kinase and with different proportions of the circa 40 kD subunits (Figs. 4 and 5) . This apparent heterogeneity in CBP fractions may also be related to the range of reported native mol wt estimates for different preparations of CBP (CBF-1) ranging from 122,000 (14) , through 140,000 (present study), to 180,000 (19) and 183,000 (7) .
Phosphorylation of animal hormone or neurotransmitter receptors has been recently demonstrated (27, 28) . The avian progesterone receptor is phosphorylated by cyclic AMP-dependent protein kinase (28) , and phosphorylation of the acetylcholine receptor is regulated by Ca2+ and calmodulin (27) . The functional consequences of these receptor phosphorylations are not known, although there is indirect evidence for inactivation of the oestrogen receptor by a dephosphorylation mechanism (1) . In the present study, we have shown that a high-affinity cytokinin-binding protein, CBP, is a substrate for an endogenous protein kinase, but the consequences of this phosphorylation on the properties of CBP, and indeed the function of CBP (7, 17, 19) , are unknown. Cytokinins have been shown to modify in vivo protein phosphorylation in plants (20) , but no significant effects of cytokinins on in vitro plant protein phosphorylation have been demonstrated (21) . In the present study, no activation of CBP phosphorylation by cytokinins was observed.
No activation of protein phosphorylation by cyclic AMP has been demonstrated with protein kinase preparations from wheat embryo (2, 18, 24, 26) and no activation was found in the present study. However, no activation of protein kinase by cyclic AMP is obtained with the catalytic subunit (C) of mammalian cyclic AMP-dependent protein kinase (subunit composition R2C2) isolated free of the cyclic AMP-binding subunit (R) (23) . Indeed, the mol wt of CBP kinase (39,000) is similar to that of the catalytic subunit of cyclic AMP-dependent protein kinase (23) , and both enzymes phosphorylate CBP and are inhibited by hemin (25) . However, a calf thymus histone fraction that is a good substrate for the isolated catalytic subunit is a poor substrate for CBP kinase, and CBP kinase is not inhibited by the specific protein inhibitor of mammalian cyclic AMP-dependent protein kinase.
CBP kinase is distinct from a major wheat germ casein kinase that does not catalyze the phosphorylation of CBP (4). Indeed, this specificity was the crucial basis for the initial detection of CBP kinase and its separation from the casein kinase by affinity chromatography. The casein kinase isolated from wheat germ by Rychlik and Zagorski (24) is distinct from CBP kinase in not catalyzing the phosphorylation of CBP. CBP kinase differs from a wheat germ protein kinase catalyzing the phosphorylation of protein synthesis initiation factor 2 (eIF-2) in that the latter enzyme, unlike CBP kinase, is insensitive to N-ethylmaleimide (22) . CBP kinase is similar to a chromatin-associated casein kinase extensively purified from soybean (15) in substrate specificity, Km for ATP, concentration-dependence of activation by MgCl2 and MnC12, and concentration dependence of inhibition by elevated assay salt concentration. However, phosphoryl transfer from ATP catalyzed by CBP kinase, unlike the reactions catalyzed by soybean casein kinase (15) and a soybean histone kinase (12) , is markedly inhibited by GTP. A cauliflower casein kinase is similar to CBP kinase in terms of mol wt (39,000), substrate specificity, and divalent cation activation but, unlike CBP kinase, this enzyme is not inhibited by addition of GTP with labeled ATP as substrate (16) .
